Introduction
The aetiology of retinal dialyses in man has been closely linked with direct blunt injuries to the globe, but the mechanisms involved in the production of such lesions, especially those that give rise to retinal detachments, remain uncertain.
Studies on cases that have received a non-perforating blow to the globe of sufficient severity to require follow-up ocular examinations indicate that traumatic retinal tears of this type occur infrequently in individuals with previously healthy eyes. More often, breaks at the extreme retinal periphery are associated with retinal cysts, a congenital weakness at the ora serrata (Tulloh 1968) , or an abnormally posterior insertion of the vitreous base (Scott 1977) . In these circumstances a history of trauma may well point to a provocative, but not the principal, causative factor. In prospective investigations, only two dialyses, both lower temporal in location, were detected in 52 patients who presented to hospital with traumatic hyphaema (Holmes Sellors & Mooney 1973) , and retinal breaks at the ora serrata found in just 5 cases, 3 of which showed preexisting peripheral retinal abnormalities, in a series of 108 that had received blunt mechanical injuries (Eagling 1974) . Dialyses in this latter group were shown to occur predominantly in cases where the missile had impacted locally on the anterior sclera.
The results of retrospective surveys, on the other hand, have suggested that in patients noted to have retinal detachments secondary to dialyses, where a definite record of severe blunt injury in the past has been obtained, i.e. hyphaema, vitreous haemorrhage, angle recession, subluxation of the lens, etc., retinal tears were to be found mainly in the upper nasal quadrant (Cox et al. 1966 , Hagler & North 1968 ), a site reasonably well protected from the direct effects of trauma.
Retinal dialyses have been produced experimentally by firing relatively high velocity lowmass missiles at the apex of the cornea of enucleated pigs' eyes embedded in gelatine (Weidenthal & Schepens 1966) . These authors believed that the transient distortion of the elastic outer ocular coats, induced while the projectile remained in contact with the globe, with shortening of the antero-posterior axis of the eye and increase in its equatorial diameter, resulted in the inelastic vitreous base exerting increased tension on tissues to which it was attached. The fact that after such injuries retinal tears were noted to occur nasally in the pig, in which the vitreous base is inserted into both the ciliary body and the ora serrata, whereas temporally it is only attached to the ciliary body, provided strong evidence to support this concept. Follow-up in vivo studies of these important experiments described above have, to the best of our knowledge, not been reported in the literature. In this paper the findings of such an investigation are presented and discussed.
Methods and materials Experimental animal Store pigs weighing 12-30 kg were used for the study into the effects of blunt mechanical nonperforating ocular injuries on the peripheral retina. Grossly, the size of the eyes of these animals is not dissimilar to those of man. In the pig the area of the ora serrata and pars plana resembles that found in an immature human eye (Weidenthal & Schepens 1966) . Differences in the two species include the feature that the vitreous base in pigs is inserted into the ora serrata as well as the pars plana on the nasal side only, whereas in man the vitreous base is inserted in both structures throughout the whole circumference of the globe.
Trauma
Standardized ocular injuries were produced by firing a slug from a modified air pistol, the muzzle of which was positioned approximately 2 cm from the eye. The missiles were made to impact perpendicularly to the ocular coats of globes exposed by separating the lids with a light wire speculum, either at the apex of the cornea or on the sclera overlying the ora serrata nasally, i.e. at the three o'clock position in the right eye and the nine o'clock position in the left eye. The nasal sclera was traumatized because, as stated above, the anatomical relationship of the underlying vitreous at this site approximates more readily than elsewhere to that found in man. The muzzle velocity, and hence the kinetic energy, of the missile weighing 0.38 g could be altered by varying the number of coils of the spring activating the plunger of the compression chamber. For the purposes of this study two springs, one with 23 coils giving a missile kinetic energy of 0.49 newton-metre (N m) ± 20%, with an average velocity ofjust over 50 metres per second, the other with 29 coils generating a missile kinetic energy of 1.9 Nm + 20%, average velocity 100 metres per second, were employed to produce moderate and severe injuries respectively. Average kinetic energy values were determined by firing missiles at a ballistic pendulum.
Anaesthesia
All experiments were performed under general anaesthesia on open circuit, using a gas combination of halothane, nitrous oxide and oxygen delivered to the animal by a nose cone which fitted over its snout. No premedication was employed.
Preparation for histological examination
Following trauma the globes were immediately enucleated and placed in 150 ml of 10% buffered neutral formalin, and the animals were killed without recovering from the effects of general anaesthesia. After fixation the eyes were washed in running tapwater for six hours and left overnight in 70% industrial spirit. The interior of the eye was exposed by cutting through the top and bottom of the globe horizontally, so that the anterior chamber was opened at the six and twelve o'clock positions only. The thick annulus so formed with the lens in situ was passed through increasing strengths of alcohol, cleared in methyl salicylate or chloroform and embedded in paraffin wax. Sections of the whole eye were cut on the nine o'clock/three o'clock axis, stained with haematoxylin and eosin, and mounted.
Results
Twenty globes were traumatized in this study. Eight eyes received blows with an impact kinetic energy of 0.49 Nm, and 12 from projectiles having a kinetic energy of 1.9 N m. Histological studies showed that retinal breaks, all located nasally, developed in 11 eyes.
Effect of moderate trauma
No retinal breaks were observed in any of the eyes in which an air gun slug was made to impact on the apex of the cornea at a velocity of just over 50 metres per second, but ruptures of the retina developed in three of the four eyes that had been subjected to similar injuries of the nasal sclera overlying the ora serrata (Table 1 ). Figure 1 is a photomicrograph of a longitudinal section showing the normal appearances of structures adjacent to the ora serrata in the pig's eye, including the choroid and the peripheral retina. Following injury to the nasal sclera, disruption of the underlying sensory peripheral retina and the pigment epithelium occurred in three eyes. Bruch's membrane and the overlying choroid were also ruptured and haemorrhages could be seen tracking from the choroid through the dehiscences thus made into the vitreous Figure 2) . The retinal breaks were not confined to the region of the ora serrata alone, as the peripheral retina appeared to be fragmented posterior to this site. In the remaining eye no retinal breaks were detected at the ora serrata, nasally or temporally.
Effects ofsevere trauma
When the velocity of the missile was increased to about 100 metres per second, peripheral retinal tears were detected in all eyes subjected to trauma of the nasal sclera and dialyses occurred in 4 of the 8 eyes in which a missile was made to impact on the apex of the cornea (Table 2) . Following blows to the sclera the underlying peripheral retina was completely shattered in all of the four eyes examined, and no normal sensory retina could be detected adjacent to the pars plana ciliaris (Figure 3 ). Pigment epithelium was largely dispersed and the choroid was even more severely ruptured than when missiles of a lower velocity were used. Detachment of the nonpigmented ciliary epithelium was also a feature of these injuries. Peripheral retinal lesions caused by missiles with a kinetic energy of 1.9 N m impacting against the cornea differed from those noted after scleral injuries, in that damage was mainly confined to the sensory retina and the nonpigmented epithelium of the ciliary body. Figure 4 shows that the peripheral retina has been torn at the ora serrata and displaced anteriorly. A frill of nonpigmented epithelium is clearly visible. The underlying retinal pigment epithelium remains largely intact, with only the occasional displaced fragment, and neither the choroid nor Bruch's membrane show any evidence of ruptures in the antero-posterior plane. All 4 eyes in which retinal dialyses were produced had identical changes to those noted above, and the remaining 4 eyes subjected to severe trauma to the apex of the cornea revealed no abnormal features at the ora serrata, nasally or temporally.
Discussion
Traction forces required to pull the sensory retina away from the overlying retinal pigment epithelium have been found to be considerably less after death than in life (Zauberman & deGuillebon 1972) . This may explain why we had to use missiles with kinetic energy levels of 1.9 N m and velocity of 100 metres per second to produce dialyses with any degree of consistency in vivo, following trauma to the apex of the cornea, whereas Weidenthal and Schepens (1966) were able to produce somewhat similar lesions in vitro employing missiles with a kinetic energy of 0.68 N m and a velocity of 62.5 metres per second. In fact, the forces applied to the corneas in this study so as to produce peripheral retinal breaks had to be only just below those required to rupture the globe. Resistance to distraction between the pigment epithelium and the sensory retina in vivo probably plays an important role in preventing dialyses when the vitreous base is subjected to rapid high energy loading following concussive injuries to the eye.
Ruptures of the peripheral retina could be more readily induced when a missile was made to impact over the sclera adjacent to the nasal ora serrata, even when the forces employed were below those found necessary to cause retinal dialyses after missiles had struck the apex of the cornea. Our findings indicate that there appear to be two different mechanisms which may be responsible for producing breaks at the extreme retinal periphery following concussive injuries to pigs' eyes: ruptures can occur as a result of sudden traction exerted by the vitreous base (true dialyses); or disruption of both retina and choroid may develop as a result of rapid stretching of these structures following sudden indentation of the overlying ocular coats. The extent and site of the retinal rupture in the latter situation depend upon the forces employed and the precise point of impact of the missile on the sclera.
The differences in the responses observed at the nasal ora serrata following the application of mechanical injuries to the cornea and sclera in pigs may offer some clues as to why, in man, traumatic dialyses have been reported to occur predominantly at sites were the overlying sclera is well protected from the direct effects of missiles. We suggest that, because blows confined to the sclera tend to produce local damage to both underlying retina and choroid, the ensuing scarring process could be effective, with the formation of firm choroido-retinal adhesions, in preventing further separation of the retina. Ophthalmoscopically detectable pigmentary disturbances in the retinal periphery are frequent and permanent sequelae of concussive injuries to the eye (Davidson 1936) and are often noted following trauma to the overlying sclera (Eagling 1974) . However, if violent vitreous base traction acting on the peripheral retina, drawing this structure both inwards and anteriorly, is the principal cause of the dialyses, the amount of scarring which eventually occurs may well be less, and bonding between the sensory retina and the overlying pigment epithelium alone insufficiently strong to prevent progressive retinal detachments from occurring subsequently.
Summary
Peripheral retinal changes have been investigated following concussion injuries of known intensity to the globes of anaesthetized pigs. It was found that considerably greater forces had to be applied to the apex of the cornea to produce retinal dialyses in vivo than had been reported necessary to cause similar retinal breaks in vitro, and that blows to the sclera overlying the ora serrata resulted in ruptures of both underlying choroid and retina.
The finding that, in the pig, the peripheral retinal responses were determined by the site at which a missile impacted on the globe is discussed in relation to why, in man, retinal dialyses which proceed to retinal detachments tend to occur more often at $ites protected from the effects of direct trauma.
